In this study, we established a series of transgenic Drosophila melanogaster lines overexpressing wild-type or mutant TDP-43 using the GAL4/UAS system, and examined the degeneration of the retinal or motor neurons. Deletion or point mutation of the RNA recognition motif of TDP-43, which remarkably diminished the RNA binding ability in in vitro assays, mitigated the degeneration in vivo. Notably, familial
ALS-linked mutations or disruption of nuclear localization signal (NLS) of TDP-43
exacerbated the degeneration compared with that by wild-type TDP-43, which was rescued by deletion or point mutation of the RNA recognition motif. Based on these findings, we propose that malfunction of RNA processing may be essential to the mechanism of neurodegeneration mediated by TDP-43.
Results

Overexpression of wild-type human TDP-43 caused progressive vacuolar degeneration in the retina of Drosophila melanogaster
To determine whether TDP-43 protein is causative to neurodegeneration, we established Drosophila melanogaster overexpressing human TDP-43 using the GAL4-UAS system. First, we generated UAS-wild-type TDP-43 lines, crossed them with the gmr-GAL4 lines and obtained flies that express wild-type human TDP-43 in the photoreceptor neurons of the retina (TDP-43 TG flies). Immunoblot analysis of the lysates of heads of the TG flies showed expression of a ~43 kDa polypeptide that reacts with an antibody to human TDP-43 ( Figure 1A ). Sequential biochemical extraction of the heads of TG flies revealed that TDP-43 protein was separated into the Tris-buffered embedded sections revealed marked disruption of the regularly ordered arrays of photoreceptor cells by a number of large vacuoles intervening the ommatidia, associated with disordered distribution of nuclei of photoreceptor cells ( Figure 1B ). To ascertain that the neurodegenerative changes are not simply the results of impairment at the developmental stages, but represent progressive degenerative changes, we generated inducible TG flies expressing wild-type human TDP-43 in photoreceptor neurons using GAL80-GAL4 system (TARGET system) (25) . In these flies, temperature-sensitive GAL80 (GAL80ts), which functions as a repressor of GAL4, binds to GAL4 and represses GAL4-induced expression of TDP-43 at 18 degrees, whereas GAL4 induces the expression of TDP-43 without production of functional GAL80ts at 29 degrees ( Figure 1C ). Immunoblot analysis of lysates of heads of the 5-day-old TDP-43
inducible TG flies showed a robust increase in the expression level of TDP-43 protein compared to that at eclosion (day 0) ( Figure 1D ). No appreciable histological changes were observed in the retina of the inducible TG flies at days 0 and 10, whereas scattered vacuolar degeneration appeared at day 30, which was exacerbated with aging ( Figure   1E ). In the retina of adult Drosophila, an ommatidium contains 8 photoreceptor neurons, of which seven are detectable on tangential sections in an intact state (26) . Immunoblot analysis showed that RRM1/G298S or RRM1/M337V polypeptides were expressed at similar levels to that of RRM1 TDP-43 ( Figure 3D ). Strikingly, 
Materials and Methods
Fly stocks and generation of transgenic flies-The GAL4-UAS expression system was used for the generation of transgenic Drosophila. Constructs encoding human wild-type or mutant TDP-43, or pUAST-lacZ as a control, were injected into w1118 embryos to produce transgenic flies as described previously (42) . At least four independent transformant lines were obtained per each construct. gmr-GAL4, D42-GAL4 and UAS-lacZ lines were obtained from the Bloomington Drosophila stock center. Fly stocks were raised on standard Drosophila medium at 25 degrees. Crosses between the Drosophila strains were carried out at 25 degrees using standard procedures. For the conditional overexpression of TDP-43, temporal and regional gene expression targeting (TARGET) system was utilized as described previously (25) .
Plasmid construction-The human TDP-43 cDNA was purchased from Invitrogen. After confirming the sequence, XhoI/HindIII fragment containing full-length TDP-43 was inserted into the XhoI/HindIII site of the cold shock expression pColdI vector (Takara) (pColdI-TDP-43). Site-directed mutagenesis of pColdI-TDP-43 was carried out to substitute Ala315 to Thr (A315T), Gln343 to Arg (Q343R), Gly298 to Ser (G298S) and Met337 to Val (M337V). Primer sequences were as follows: A315T
5'-GAACTTTGGTACCTTCAGCATTAATCC-3', Q343R
5'-GTTAGCCAGCCGGCAGAACCAGTC-3', G298S
5'-GGGGGTGGAGCTAGCTTGGGAAAC-3', M337V
5'-GGGGTATGGTGGGCATGCTAGCCAGCC-3'. ΔNLS encoding amino acid substitutions K82A, R83A, K84A, K95A, K97A, R98A was created using following primers: the first round Immunohistochemistry-Heads of 5-day-old adult transgenic Drosophila were dissected, collected in a 1.5 mL tube, briefly washed in phosphate buffered saline (PBS), and fixed with 4% paraformaldehyde containing 0.1% Triton X-100 at room temperature for 2 hrs.
After brief wash in PBS, tissues were dehydrated by graded ethanol, cleared in butanol and embedded in paraffin. Tissue blocks were cut in coronal sections at 4-μm thickness.
Sections were stained with hematoxylin and eosin (H&E). Following ANOVA, Bonferroni post hoc test was applied.
Scanning electron microscopy-Adult flies (5-day-old female) were anesthetized with ether, attached to the specimen stage by double coated conductive carbon tape and then imaged on Keyence scanning electron microscopy VE-8800 according to the manufacturer's instructions.
External surface observation-Adult flies (5-day-old female) were anesthetized with CO 2 and observed with zoom stereo microscope (Olympus SZ-PT).
Photoreceptor counting-Fly heads were dissected and fixed in 2% glutaraldehyde, 2% PFA and 0.01% Triton X-100 at 4 degrees for overnight. After wash in PBS, tissues were fixed in 1% OsO 4 at 4 degrees for 2 hrs, dehydrated through graded ethanol, and embedded in epon resin. Sections were cut at 1-μm thickness and stained with toluidine blue. The number of photoreceptor cells in ommatidia that normally are comprised of 7
photoreceptor cells was counted in 3-4 independent flies for each age and genotype.
Student's t-test was used for statistical analysis using Prism 5 for Mac OSX (GraphPad).
Immunoblotting-Heads of 5-day-old flies were dissected and lysed in Laemmli sample buffer for SDS-PAGE containing 2% SDS. Subcellular fractionation assays were performed by dissecting the compound eyes of 1-day old flies and separation using m.
